, knirps-related (knrl) (Oro et al., 1988; Rothe et al., 1989) , embryonic gonad (egon) (Rothe et al., 1989) , tailless (tll) (Pignoni et al., 1990) , dHNF4 (Zhong et al. 1993) , seven-up (svp) (Mlodziket al., 199O) , FTZ-F7 (Lavorgnaet al., 1991) , and DHR39 (also called FTZ-F7/3) (Ohno and Petkovich, 1992; Ayer et al., 1993) . Three of these genes, kni, km/, and egon, are highly divergent members of the superfamily that have retained only the sequences encoding the DNAbinding domain (DBD) (see Figure  1A in Mangelsdorf and Evans, 1995) . The absence of a ligand-binding domain (LBD) in these proteins suggests that they function in a ligand-independent manner. Of these three genes, kni has been studied in the most detail and is required for proper abdominal segmentation (Nauber et al., 1988 nervous system (CNS) and fat body as well as in photoreceptor cell precursors of the eye imaginal disc (Mlodzik et al., 1990; Hoshizaki et al., 1994) . Clonal analysis has revealed that svp is required for the proper specification of the R7 photoreceptor cell fate (Mlodzik et al., 1990 ). Interestingly, a zebrafish homolog of svp, svp [44] , is also expressed in the embryonic CNS and developing eye (Fjose et al., 1993) . The high degree of sequence conservation between the SVP and Svp [44] proteins (94% in DBD; 91% in LBD), combined with their similar spatial patterns of expression, suggests that these genes may have conserved their regulation and function. Both proteins are highly related to the vertebrate chicken ovalbumin upstream promoter (COUP) orphan receptor, with extensive sequence similarity that extends outside of the DBD and LBD. Below we consider evidence that, like COUP, SVP can interact with retinoid X receptor (RXR) signaling pathways.
Drosophila
Postembryonic Development Is Controlled by Pulses of Ecdysone Pulses of the steroid hormone 20-hydroxyecdysone (here referred to as ecdysone) direct Drosophila through its life cycle, with peak hormone titers signaling the major postembryonic developmental transitions (reviewed by Riddiford, 1993) . Larval development progresses through three instars, punctuated by ecdysone-triggered molting of the cuticle (Figure 1) . A high titer pulse of ecdysone at the end of the third instar triggers puparium formation, marking the onset of the prepupal stage, Prepupal development proceeds for 12 hr, after which an ecdysone pulse initiates the 3.5 days of pupal development, followed by eclosion of the adult fly ( Figure 1 ). The larval tissues are destroyed by histolysis during the early stages of metamorphosis and are replaced by adult tissues that develop from clusters of imaginal progenitor cells. Thus, metamorphosis results in a complete transformation in form and function-from a crawling larva to the highly motile, reproductively active adult fly. Remarkably, these divergent developmental pathways are manifested simultaneously in apparent response to a single steroid hormone. A focus of current study is to understand how the systemic hormonal signal is refined into the appropriate stage-and tissue-specific developmental pathways that direct this transformation.
The Drosophila Ecdysone Receptor Is a Heterodimer of ECR and USP Ecdysone manifests its effects on development via its interaction with the ecdysone receptor-the only liganddependent nuclear receptor identified to date in Drosophila. Curiously, the ecdysone receptor consists of a heterodimer that more closely resembles avertebrate retinoic acid receptor than a steroid receptor.
One half of the ecdysone receptor is encoded by the EcR gene (Koelle et al., 1991) . EcR is induced directly by ecdysone, providing an autoregulatory loop that increases the level of receptor protein in response to its ligand. Three protein isoforms are encoded by EcR, designated ECR-A, ECR-81, and ECR-B2 (Talbot et al., 1993) . These proteins differ in their amino-terminal sequences but contain identical DBD and LBD sequences. Interestingly, two of these isoforms are expressed in patterns that correlate with the divergent developmental fates of the larval and adult tissues, suggesting that they may contribute to the tissue specificity of ecdysone responses. The ECR-Bl isoform is expressed primarily in larval cells that are fated to die, while ECR-A is expressed in developing adult structures and tissues (Talbot et al., 1993) . ECR-A is also expressed in a set of neurons in the CNS that die shortly after adult The composite ecdysteroid titer is depicted, in 20-hydroxyecdysone equivalents from wholebody homogenates (figure adapted from Riddiford, 1993 eclosion. The death of these cells depends upon a decrease in ecdysone titer, suggesting that the specific expression of the ECR-A isoform is required for the appropriate developmental fate of these cells (Robinow et al., 1993) .
All three ECR isoforms acquire the ability to bind DNA upon heterodimerization with Ultraspiracle (USP) (Koelle, 1992; Yao et al., 1992; Thomas et al., 1993 ) (see Figure  3A) . USP is the only known Drosophila homolog of the vertebrate RXRs (Table 1) (Henrich et al., 1990; Oro et al., 1990; Shea et al., 1990) . Consistent with this sequence conservation, USP can heterodimerize with a variety of vertebrate RXR partners, including retinoic acid receptor, thyroid hormone receptor, and vitamin D receptor (Yao et al., 1992) . Interestingly, although ECR can bind ligand weakly on its own, this binding is greatly stimulated by the addition of USP (Koelle, 1992; Yao et al., 1993) . Ligand binding both stabilizes the ECR-USP heterodimer and also increases its affinity for binding to ecdysone responsive elements (EcREs). Two naturally occurring EcREs, from the ecdysoneinducible hsp27and fip28/29 promoters, are bound by ECR-USP (Yaoet al., 1992) . In addition, ECR-USP can bind to direct repeats of AGGTCA sequences separated by 3, 4, or 5 bp, much like vertebrate RXR heterodimers (Horner et al., 1995) . Although it remains possible that ECR and USP may exert distinct functions as homodimers, all available in vivo evidence indicates that these proteins function as a heterodimer. Antibody stains of larval salivary gland polytene chromosomes support this proposal, as all sitesoccupied by ECR also contain bound USP protein (Talbot, 1993; Yao et al., 1993) .
The uspgene was originally identified based on its lethal mutant phenotypes, which suggest a role in mediating ecdysone responses during development (Perrimon et al., 1985; Oro et al., 1992) . USP functions in abdominal cuticle synthesis during midembryogenesis and larval cuticle molting. Clonal analysis has also revealed a function for usp in the proper selection of the R7 photoreceptor cell fate in the adult eye, suggesting that it may interact with svp in this developmental pathway. Curiously, however, adult thoracic and abdominal metamorphosis can occur in the absence of USP, indicating that these responses are either not regulated by ecdysone or are dependent on the activity of another nuclear receptor.
Adult

Many Drosophila
Orphan Receptors Are Regulated by Ecdysone and Appear to Function during Metamorphosis Perhaps the most surprising recent discovery in the Drosophila nuclear receptor field is the large number of these genes that are regulated by ecdysone and appear to function during metamorphosis. Half of the 16 known Drosophila nuclear receptor superfamily members are either induced or repressed by the hormone at the level of transcription-EC/?, /3FTZ-Fl, E75, E78, DHR3, DHR39, DHR78, and DHR96
( Table 1 ). The discovery of most of these genes arose from efforts to understand how ecdysone directs the early stages of metamorphosis.
Studies of the puffing patterns in larval salivary gland polytene chromosomes revealed that the ecdysone signal is transduced and amplified via a two-step regulatory hierarchy (Ashburner et al., 1974) . Pulses of ecdysone at the ends of larval and prepupal development directly induce asmall set of widely expressed "early" genes, at least three of which encode transcription factors. These early genes both repress their own expression and induce more than 100 "late" secondary response genes (Figure 2) . The late genes, in turn, are thought to direct each ecdysone target tissue along its appropriate developmental pathway during metamorphosis.
E75 is a complex early ecdysoneinducible gene that directs the synthesis of three protein isoforms, E75A, E756, and E75C, by the use of nested promoters (Feigl et al., 1989; Segraves and Hogness, 1990 ). E75A and E75C are orphan receptors that have distinct aminoterminal sequences joined to an identical DBD and LBD. In contrast, E75B retains only one zinc finger, suggesting that it is incapable of binding DNA. Consistent with its ecdysone regulation, several ECR-USP-binding sites have been identified upstream of the E75A promoter (Talbot, 1993) . Antibody staining of polytene chromosomes has revealed that E75A protein is bound to both early and late gene loci, suggesting that it may function at both levels of the hierarchy (Hill et al., 1993) . In addition, recent evidence indicates a role for E75 in embryonic gut morphogenesis (Bilder and Scott, 1995) . This observation not only provides further evidence that Drosophila nuclear receptors can perform multiple functions during development, but also suggests a role for the midembryonic pulse of ecdysone (see Figure 1 ). Ectopic expression studies of svp, t/l, and/?FTZ-Fl indicate that these genes can function at times and places that are different from their normal domains of expression, suggesting that ligand availability does not restrict their activity (Steingrimsson et al., 1991; Hiromi et al., 1993; Woodard et al., 1994) . These effects contrast with the absence of any phenotypic consequences caused by ectopic expression of the ligand-dependent USP receptor (Oro et al., 1992) . The brief expression of E75A, E78B, DHR3, and BFTZ-FI for only a few hours during the onset of metamorphosis is also difficult to reconcile with an additional requirement for a temporally restricted ligand.
Finally, the regulation of seven Drosophila orphan receptor genes by ecdysone raises the interesting possibility that the expression of vertebrate orphan receptors may also be hormonally controlled. This aspect of vertebrate orphan receptor regulation has not yet been examined and potentially provides another point for convergence in the regulation and function of nuclear receptor superfamily members.
The future holds the possibility of opening up new areas of receptor research. One distinct advantage offered by Drosophila is the ability to study receptor function in the context of defined genetic hierarchies, integrating these regulators into well-characterized developmental pathways. In addition, by performing genetic screens for genes that interact with Drosophila nuclear receptors, it may be possible to identify previously unexpected regulatory interactions in hormone signaling pathways. These studies may both reinforce and dispel some of the prevailing paradigms in the hormone receptor field. We can hope that the next 10 years of receptor research will yield further insights into the conserved regulation and function of nuclear receptors during development as well as provide new directions in our understanding of hormone signaling pathways.
